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The behavioral consequences of age-related alterations in neural function arewell documented, but less is knownabout their cellular bases. To
characterize such changes, we analyzed 14molecularly identified subsets of mouse retinal projection neurons (retinal ganglion cells or RGCs)
and interneurons (amacrine, bipolar, and horizontal cells). The retina thinned but expanded with age, maintaining its volume. There was
minimaldeclineinthenumberofRGCs, interneurons,orphotoreceptors,butthediameterofRGCdendriticarborsdecreasedwithage.Together,
the increased retinal area and the decreased dendritic area may lead to gaps in RGC coverage of the visual field. Axonal arbors of RGCs in the
superior colliculus also atrophiedwith age, suggesting that the relay of visual information to central targetsmaydecline over time.On theother
hand, the laminar restriction of RGC dendrites and the interneuronal processes that synapse on themwere not detectably disturbed, and RGC
subtypes exhibiteddistinct electrophysiological responses to complex visual stimuli. Otherneuronal types aged indifferentways: amacrine cell
arbors didnot remodel detectably,whereas horizontal cell processes sprouted into the photoreceptor layer. Bipolar cells showed arbor-specific
alterations: theirdendrites sproutedbut theiraxonsremainedstable. Insummary, retinalneuronsexhibitednumerousage-relatedquantitative
alterations (decreased areas of dendritic and axonal arbors and decreased density of cells and synapses), whereas their qualitative features
(molecular identity, laminar specificity, and feature detection) were largely preserved. Together, these data reveal selective age-related altera-
tions in neural circuitry, some ofwhich could underlie declines in visual acuity.
Introduction
Age-related alterations in neural function and behavior are well
documented, but our understanding of their cellular underpin-
nings remains fragmentary (Hedden and Gabrieli, 2004; Burke
and Barnes, 2006; Dickstein et al., 2007; Bishop et al., 2010; Glo-
rioso and Sibille, 2011). There are at least three reasons for this
discrepancy. First, the complexity of brain circuitry makes de-
tailed structural analysis particularly difficult. Second, the
marked heterogeneity of neuronal sizes and shapes can mask
even dramatic changes in specific neuronal subsets. Third, a large
fraction of studies have focused on pathological neural aging
(e.g., Alzheimer’s disease) and compared diseased and normal
aged brains rather than young and old normal brains.
To partially circumvent these limitations, we have inventoried
the effects of age on key morphological parameters of multiple
retinal neuronal types and subtypes. The retina is arguably the
best understood part of the vertebrate central nervous system
with regard to its cellular patterning, circuitry, and function. It is
composed of five major neuron types: photoreceptors that detect
light, interneurons (horizontal, bipolar, and amacrine cells) that
process visually evoked signals, and retinal ganglion cells (RGCs)
that integrate this information and send it to the brain (Sanes and
Zipursky, 2010). Retinal neurons can be further subdivided into
70 distinct functional subtypes, a number comparable to that of
other brain regions (Masland, 2001). Only in the retina, however,
are markers available for a substantial fraction of these subsets.
These reagents allow analysis of the impacts of aging on all of the
major neuron types in a circuit.
Importantly, visual functionclearlydeclineswithage. Indeed, the
majority of apparently “disease-free” individuals experience some
degree of age-associated decline in vision (Spear, 1993). At least
someage-related changes, including reductions in visual acuity, spa-
tial contrast sensitivity, andmotion sensitivity, cannot be attributed
to optical changes. These defects are therefore likely to reflect
changes in neurons, including those of the retina. The retina is also
the site of diseases for which age is a major risk factor, including
macular degeneration and glaucoma (Jackson and Owsley, 2003).
In this paper, we report a comparison of all major retinal
neuronal types and multiple subtypes in young adult (3–5
months old) and aged (24–28 months old) mice. The number of
neurons in defined populations changed little with age. However,
total retinal area expanded andRGCdendritic arbors shrankwith
age, so that each RGC covered a decreased fraction of the visual
field in old animals. In addition, the size and complexity of RGC
axonal arbors in the superior colliculus (SC) decreased with age,
suggesting that transmission of visual signals to the brain may be
compromised. In contrast, RGC dendrites and the interneuronal
processes that synapse on them remained lamina restricted, and
electrophysiological responses of multiple RGC subtypes were
generally preserved. Finally, we show that amacrine, bipolar, and
retinal ganglion cells exhibit distinct patterns of age-related
structural changes. Together, our results demonstrate selective
effects of aging on particular components of neural circuitry,
some of which may contribute to reduced visual function in old
individuals.
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Materials andMethods
Mice. Young adult (3–5months) and old (24–28
months) male and female C57BL/6 mice were
obtained from theNational Institute onAging or
The Jackson Laboratory or bred in our vivarium.
Generation and characterization of Thy1-YFP-H
(Feng et al., 2000), FSLT4-CreER (Kim et al.,
2010;Kay et al., 2011), JAM-B-CreER (Kimet al.,
2008, 2010), and Thy1-lox-stop-lox-YFP15 lines
(Buffelli et al., 2003) have been described previ-
ously. To label BD- and J-RGCs, FSLT4-CreER
(BD) or JAM-B-CreER mice (J) were mated to
Thy1-lox-stop-lox-YFP15 mice, and tamoxifen
dissolved in corn oil was administered to double
transgenicoffspring (500–1000gbyoral gavage
at P8 for J-RGCs or 200 g injected s.c. at P1–3
for BD-RGCs).
For adeno-associated virus (AAV)-mediated
RGC labeling, young adult (3–5months) andold
(24–28months)micewereanesthetizedby intra-
peritoneal injection of ketamine/xylazine (1.7
mg/20g), and the subretinal spacewas inoculated
with AAV2/2. In one set of experiments, Thy1-
lox-stop-lox-YFP15 mice were injected with
AAV-Cre (a gift fromZ.He, Children’sHospital,
Boston, MA). In another set of experiments,
AAV-YC3.6 (viral stocks generated by the Har-
vard Gene Therapy Institute) was injected into
wild-type mice. YC3.6 combines YFP and CFP
and is a calcium sensor (Nagai et al., 2004) but
was used only for labeling purposes in this study
(Hong et al., 2011). Mice were killed 5–8 weeks
after infection.
All experiments conformed to NIH guide-
lines and were carried out in accordance with
protocols approved by the Harvard University
Standing Committee on the Use of Animals in
Research and Teaching.
Immunohistochemistry. Mice were anesthe-
tized with Nembutal and then perfused with
PBS followed by 4% paraformaldehyde (PFA)
in PBS. Eyes were collected and fixed for 30
min in PFA. For cross-section analyses, the cornea was removed and the
optic cupwas postfixed for 20min in PFA, cryoprotected in 30% sucrose,
embedded in Tissue Freezing Medium (Triangle Biomedical), and sec-
tioned at 20 m in a cryostat. Sections were incubated successively with
blocking solution (3% normal donkey serum and 0.3% Triton X-100 in
PBS) for 1 h at room temperature; primary antibodies were diluted in
blocking solution for 12–14 h at 4°C, and fluorophore-labeled secondary
antibodies (Invitrogen) for 1–2 h at room temperature. For whole mount
analysis, the retinawas removed from theoptic cup andpostfixed for 20min
in PFA. Retinas were then incubated successively in blocking solution (10%
normal donkey serum and 0.5% Triton X-100 in PBS) for 1 h at room
temperature, primary antibody diluted in blocking solution for at least 48 h
at 4°C, and fluorophore-labeled secondary antibody for 1–2 h at room tem-
perature. Sections and whole retinas were mounted in Vectashield (Vector
Laboratories). Retinas from 4–10 mice were analyzed in each experimental
group.
The primary antibodies used in this study were directed against the fol-
lowingmolecules: Bassoon (1:500, Enzo Life Sciences); Brn3a (1:500; Milli-
pore); calbindin (1:2500, Swant); choline acetyltransferase (ChAT, 1:200,
Millipore); Chx10 (1:300, Exalpha Biologicals); Sox9 (1:1000, Millipore);
G13 (1:200, Santa Cruz Biotechnology); tyrosine hydroxylase (TH, 1:100,
Millipore); GFP (1:1000, Aves Labs andMillipore); glutamic acid decarbox-
ylase (GAD) 65/67 (1:000, Millipore); melanopsin (1:5000, kind gift from I.
Provencio, University of Virginia, Charlottesville, VA); protein kinase C
(1:500,AbCam); recoverin (1:4000,Millipore); glycine transporter1 (GlyT1,
1:5000, Millipore); syntaptotagmin2 (Syt2, 1:250, Zebrafish International
Resource Center, University of Oregon, Eugene, OR); syntaxin I (1:500,
Sigma); gephyrin (1:200; Synaptic Systems); Thy1 (1:500; BDPharMingen);
KV4.2 (1:1000, Neuromabs, University of California at Davis and NIH);
potassium/sodium hyperpolarization-activated cyclic nucleotide-gated
channel 4 (HCN4, 1:500, Neuromabs); calsenilin (KChip, 1:100, Neurom-
abs); vGlut2 (1:500, AbCam), and vGlut3 (1:2500,Millipore Bioscience Re-
search Reagents). TO-PRO-3, PO-PRO-1, or DAPI (Invitrogen) were used
to visualize nuclei.
Histological quantification. To quantify the thickness of the retina and its
nuclear and synaptic layers, images were taken at equivalent retinal eccen-
tricities from the optic nerve head. Layer thickness was measured in 2–4
areas fromeachretina in4–6animalspergroup.Todetermine thedensityof
cells of a givenmolecularly defined population, retinaswere stainedwith the
appropriate primary antibody andprocessed forwholemount visualization.
Immunolabeled cells were quantified from 317 m2 (ChAT and vGlut3)
and 636 m2 (melanopsin) areas. The relative area of the whole retina was
determined using retinas that had been flat mounted, imaged in their en-
tirety, and thenmontaged into a single graphic plane.
To determine the number of Bassoon-positive puncta and synaptotag-
min 2-positive terminals, retinal sections were stained and imaged at
high resolution at equivalent retinal eccentricities, and the number was
quantified in areas of the inner plexiform layer (IPL) from single optical
sections using ImageJ. Data were collected from four mice per group.
Four images per retina were analyzed, and puncta or terminals were
quantified from two nonsuccessive optical sections per image stack.
FACS analysis. Retinas were dissected from young adult and old
C57BL/6 mice, and single cell suspensions were generated as described
Figure 1. Decreased thickness and increased area in old retina. A, Retinal sections from young adult (3 months) and old (26
months)micewere labeledwith the nuclearmarker TO-PRO-3 (blue) and the synapticmarker anti-Bassoon (green). Scale bar, 100
m. B–D, Thickness of the retina and its nuclear and plexiform layers. The overall thickness of the retina is reduced with age (B),
reflectingdecreases in thewidth of cellular and synaptic layers (C). Theuniformdecrease in layerwidthpreserves the relative ratios
of the retinal layers to each another (D). Bars represent the mean SEM. from 4–6 animals per group; *p 0.05. E, Total area
of flat-mounted retinas increases in old mice (n 8 animals per group; *p 0.0001). F, The age-related decrease in retinal
thickness is offset by the increase in total retina area such that the total volume is unchanged.
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previously (Lefebvre et al., 2008). Cells were counted, fixed in 2% PFA in
PBS for 15 min on ice, and then washed in PBS. To stain for intracellular
proteins, cells (1.5 106 per sample) were permeabilized with a 0.1%
(w/v) saponin solution in Hanks Balanced Salt Solution on ice for 15
min, spun, resuspended in Minimal Essential Medium [MEM-Earle’s
(Invitrogen) containing 0.4% bovine serum albumin and DNase (13
U/ml, Sigma)], and incubated with the indicated primary antibodies
overnight at 4°C. Cells were then washed and labeled with fluorophore-
tagged secondary antibodies for 1 h on ice. Data were collected using a
FACSCalibur flow cytometer and analyzed using CellQuest software
(Becton Dickinson).
RGCanalysis.Retinaswereharvestedandfixedasdescribedabove, stained
with antibodies to GFP and ChAT, and mounted. Individual RGCs were
mapped and imaged at high resolution. Thedendritic field area of eachRGC
wasanalyzed frommaximumprojection imagesby tracing the smallestpoly-
gon that connected thedendritic tips (Konget al., 2005;Coombset al., 2006).
M10RGCs inThy1-YFP-H retinaswere classified based on their lamination
pattern, the shapeof theirdendritic arbor, and the sizeof thearborareabased
on the parameters defined by Coombs et al. (2006).
Analysis of RGC axonal arbors. Brains from JAM-B-CreER;Thy1-lox-
stop-lox-YFP15, FSTL4-CreER;Thy1-lox-stop-lox-YFP15, and AAV-
infected animals were postfixed overnight in 4% PFA in PBS, washed in
PBS, and sectioned at 100 m using a vibratome. Sections were incu-
bated successively in blocking solution (5% normal donkey serum and
0.5% Triton X-100 in PBS) overnight, anti-GFP antibody in blocking
solution for at least 48 h at 4°C, and secondary antibody for 2 h at room
temperature. Sections were mounted, and axonal arbors in the superior
colliculus (SC) were imaged. RGC arbors in the SC were imaged from at
least three mice per group.
Electrophysiology.Methods for electrophysiological analysis aredescribed
by Kim et al. (2008, 2010). Briefly, dark-adapted retinas were isolated in
Ringer’s solution and targeted for cell-attached recordingwith patchmicro-
electrodes. Light stimuli were delivered from a computer-driven video pro-
jector through a custom-made substage lens. Receptive field centers were
determinedwith small flashing spots. Direction selectivity was then assessed
with stimuli moving through the receptive field center in eight different
directions, and a direction selectivity indexwas calculated (Kim et al., 2010).
Statistical analysis. Data were compared using an unpaired, two-tailed
Student’s t test unless otherwise noted and evaluated using Prism soft-
ware (GraphPad).
Results
Aging changes retinal shape but volume is maintained.
The retina is composed of three cellular layers, each containing a
distinct set of cell types: the outer nuclear layer (ONL), compris-
Figure 2. Neuronal types and subtypes are preserved in old retina. Retinas from young adult and agedmice were labeled with antibodies to distinct neuron types (green) and a nuclear marker
(TO-PRO-3, blue). Cell types labeledwere as follows.A, Photoreceptors (recoverin).B, Horizontal cells and amacrine subsets (calbindin); C, Mu¨ller glia (Sox 9).D, Amacrines (syntaxin I). E, GABAergic
amacrines (Gad65/67); F. Dopaminergic amacrines (TH). G. Bipolars (Chx10). H, Rod bipolars (PKC). I, Most RGCs (Brn3a). Scale bars, 50m.
Samuel et al. • Aging of Retinal Neurons J. Neurosci., November 2, 2011 • 31(44):16033–16044 • 16035
ing cone and rod photoreceptor somata;
the inner nuclear layer (INL), comprising
horizontal, bipolar, and amacrine in-
terneurons and Mu¨ller glial cells; and the
ganglion cell layer, containing RGCs and
displaced amacrine cells. The three cellu-
lar layers are separated from each other by
synaptic layers: the outer plexiform layer
(OPL) contains processes of and synapses
among photoreceptors, horizontal cells,
and bipolar cells, while the inner plexi-
form layer (IPL) contains processes of and
synapses among bipolar, amacrine, and
retinal ganglion cells (Wa¨ssle, 2004; Sanes
and Zipursky, 2010). To examine whether
aging affected the global organization or
size of the layers, retinas from young adult
(3–5months old) and old (24–28months
old) mice were stained with a nuclear
marker (TO-PRO-3) and a synapticmarker
(anti-Bassoon antibody) (Fig. 1A). The
thickness of the retina decreased 15%
with age (Fig. 1B, p 0.0001). This thin-
ning significantly affected both synaptic
layers as well as the INL and ganglion
cell layer (Fig. 1C). Thus, the thickness of
the layers relative to one another was un-
altered (Fig. 1D). In contrast, total retinal area measured from
wholemounts increased by15%with age (Fig. 1E, p 0.0001).
This increase may result from slow, continued growth of the eye:
the diameter of the globe, measured in both axial and transverse
planes, was 10% greater in old than in young adult mice [3.3
mm (n  6 young adult) and 3.6 (n  12 old)]. The increased
retinal area offset the decreased retinal thickness in aged animals,
such that the volume was maintained (Fig. 1F). Thus, the retina
changes in shape but not volume with age.
Neurons are preserved in old retina
Since aging has been associated with the death of some neuronal
types (Smith et al., 2004; Dickstein et al., 2007), we askedwhether
retinal neurons are lost with age. First, we used markers to label
the major retinal cell types in young adult and agedmice. Antibody
staining for photoreceptors (recoverin; also labels some bipolar
cells), horizontal cells (calbindin; also labels some amacrines), ama-
crine cells (syntaxin I), bipolar cells (Chx10),Mu¨ller glia (Sox9), and
RGCs(Brn3a) revealed that all neuronalpopulationswerepresent in
aged animals in their normal positions (Fig. 2A–D,G,I). We also
usedapanelofmarkers forneuronsubtypes, includingrodandType
3 and 4 cone bipolar cells (PKC, HCN4, and Calsenilin, respec-
tively); glycinergic, GABAergic, starburst, glutamatergic, and dopa-
minergic amacrines (GlyT1, Gad65/67, ChAT, vGlut3, and TH,
respectively); andS3-projectingRGCs (KV4.2; Fig. 2E,F,H, data not
shown, and see below). In all cases, neuron subsets weremaintained
in old retina, and cells were organized properly with respect to one
another. To examine cell death more globally, we stained old and
young retinas for activated caspase-3, a marker of apoptosis. The
number of labeled cells was low in both cases, and there was no
detectable age-related difference in their frequency or distribution
(data not shown).
We next developed a flow cytometry-based assay to determine
the total number of neurons in different subsets. Retinas from
young adult and old mice were dissociated, and cell counts were
performed following Trypan blue staining to detect cells dam-
aged during preparation. Aging had no significant effect on the
total number of cells per retina (Fig. 3A; p  0.9) or on the
number of Trypan-positive cells (p 0.8). Cells were then fixed,
labeled with antibodies against the major neuronal types, and
analyzed by flow cytometry (Fig. 3B). Aging did not alter the
number of cells in any of the six populations tested (Fig. 3C; p
0.3). Although we cannot rule out small losses, our results indi-
cate that neuronal death is not a major feature of retinal aging.
Together, the age-related increase in retinal area (Fig. 1E) and
the stability in cell number (Fig. 3) suggested that the surface
density of cells decreased with age. To test this idea, we stained
retinal whole mounts with antibodies to three specific cell types:
ChAT and vGlut3 to mark amacrine subtypes andmelanopsin to
mark intrinsically photosensitive RGCs.We then determined the
density of labeled cells at equivalent eccentricity in young adult
and old mice. The density of ChAT-positive starburst amacrines
in the inner nuclear and ganglion cell layer was reduced in aged
mice (Fig. 4A,B, p 0.006 and 0.04 for the INL andGCL, respec-
tively), but the cells remained evenly distributed as judged by
quantitative assessment of their mosaic arrangement (Fig. 4C).
Similar results were obtained for vGlut3-positive amacrine cells
in the inner nuclear layer and for melanopsin-positive RGCs in
the ganglion cell layer (data not shown).
To determinewhether the decrease in cell density also affected
the number of synapses within the IPL, we examined synaptic
density using an antibody to Bassoon. The number of Bassoon-
positive puncta decreased by17%with age in both the ON and
OFF sublamina (Fig. 5A,B; p  0.04 and 0.003 for the ON and
OFF layers, respectively). To explore the possibility that this re-
duction reflected a large change in specific subpopulations, we
stained tissue for gephyrin, an inhibitory marker, vGlut2, an ex-
citatory marker, and synaptotagmin 2, which selectively marks
the terminals of Type 2 and 6 bipolars (Fox and Sanes, 2007;
Wa¨ssle et al., 2009). There was no apparent global reduction in
the levels of gephyrin and vGlut2 (Fig. 5C,D), although it was
difficult to resolve individual puncta with these stains. However,
Figure 3. Neuronal number is maintained in old retina. Retinas from young adult and old mice were dissociated, stained with
antibodies, and analyzed by flow cytometry. A, Total number of cells per retina.B, Flow cytometry histogram of PKC neurons.
P2 indicates the positive population. FSC, Forward scatter.C, Number of neurons per retina formajor neuronal types. Bars show the
mean SEM of values from five experiments.
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terminal density counts using synaptotagmin 2 revealed a de-
crease of 10% that mirrored the general reductions in synapse
number observed with Bassoon (Fig. 5E and data not shown).
These data suggest that with age fewer connections occupy a
given IPL volume, and this reduction occurs across multiple syn-
aptic types.
Dendritic arbors of RGCs shrink with age
To test whether the size or shape of neuronal arbors changes with
age, we focused on two RGC subtypes, J- and BD-RGCs, which
are labeled with YFP in transgenic lines that we generated and
characterized previously (Kim et al., 2008, 2010; Kay et al., 2011).
Both are direction-selective RGCs that respond preferentially to
upward motion in the visual world. J-RGCs are OFF cells with
strikingly asymmetric dendritic arbors that “point” toward the
ventral pole of the retina, whereas BD-RGCs are ON-OFF cells
with modestly and variably asymmetric arbors. When viewed en
face, the dendritic arbors of aged J- and BD-RGCs were qualita-
tively similar to those in young adult mice (Fig. 6A,B,D,E). For
example, the striking asymmetry and ventral patterning of J-RGC
arbors were maintained. In each case, however, the dendritic
fields of old RGCs covered less area than those of young adult
RGCs (Fig. 6C,F; p  0.01 for J-RGCs and 0.04 for BD-RGCs).
Because RGC dendritic area decreased with age (Fig. 6C,F) and
total retinal area increased (Fig. 1E), the fraction of the retinal
area occupied by an individual RGC arbor wasmarkedly reduced
in oldmice (Fig. 6G,H; p 0.0002 and 0.005 for J and BD-RGCs,
respectively). Together, these data indicate that agingmay lead to
decreased coverage of the visual field by RGCs of distinct func-
tional classes (Fig. 6 I).
To assess the possibility that dendritic shrinkage might be
confined to just some RGC subsets, we assessed the dendritic
architecture of RGCs in Thy1-YFP-H animals (Fig. 7A,B). Ap-
proximately 200RGCs per retina are YFP positive in this line, and
previous studies have shown that the YFP-positive RGCs include
most, if not all, of the 20 RGC subtypes that can be distin-
guished bymorphological criteria such as lamination pattern and
dendritic area (Coombs et al., 2006). The number of labeled
RGCs per retina in the YFP-H line did not significantly differ
between young adult and old animals (n 211 38 and 205
41 for young and old, respectively), consistent with the finding
that neuronal loss is not a feature of retinal aging (Fig. 3). Aging
was, however, associatedwith a reduction of20% in RGC soma
size (Fig. 7C; p 0.0002) and a reduction of13% in dendritic
field area (Fig. 7D; p  0.008). As a result of the decrease in
dendritic field area, the largest RGCs in young adult retinas were
larger than any in old retina, the smallest RGCs in old retina were
smaller than any in young adult retinas (Fig. 7E), and the fraction
Figure 4. Decreased cell density in old retina.A, Retinas fromyoungadult andoldmicewere flat
mountedandstainedwithanti-ChATtolabelstarburstamacrines. ImagesweretakenintheINL.Scale
bars, 100m.B, Density of starburst amacrines in the ganglion cell layer (GCL; *p 0.04) and INL
(*p 0.006). Bars show themean cell number SEM from4–8mice. C, Density recovery profiles
(Rodieck, 1991) demonstratingmosaic spacing of starburst amacrines in young adult and old retina.
Figure 5. Decreased synaptic density in old retina. A, The IPL of young adult and old mice
stained for Bassoon (synapticmarker). Scale bar, 25m.B, Density of Bassoon-positive puncta
in OFF (*p 0.003) and ON (*p 0.04) portions of the IPL sublaminae. C, D, Reductions in
Bassoon density likely do not reflect large decreases in synaptic subpopulations, as levels of
gephyrin (C, inhibitory marker) and vGlut2 (D, excitatory marker) were not globally reduced
with age. Scale bars, 50m. E, The IPL of young adult and oldmice stained for synaptotagmin
2, amarker of type2and6bipolar terminals. Puncta densitywas 10% lower in old than in young
adult retina. Scale bar, 25m. Bars represent the mean SEM from four mice.
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of the retinal area covered per arbor was significantly reduced
(Fig. 7F).
Among theRGC subtypes labeled in the YFP-H line, one read-
ily recognizable group comprised the ON -like RGCs (Fig. 7G),
which have been described in several species (Peichl et al., 1987)
and were termed cluster M10 by Coombs et al. (2006), cluster 9
byBadea andNathans (2004), and cluster 11 byKong et al. (2005)
in mice. The dendritic area of M10 RGCs is among the largest of
all RGC types (Coombs et al. 2006) and, like that of J- and BD-
RGCs and randomly labeled RGCs, decreased significantly in old
mice (Fig. 7H; p  0.0004). Together with our evidence that
RGCs are preserved with age, these data suggest that the global
reduction in dendritic field area does not result from the selective
loss of large field RGCs. Rather, dendritic shrinkage and a reduc-
tion in the fraction of the retina covered by each dendritic arbor
appear to be general features of old RGCs.
Arbors of RGCs and their inputs remain lamina specified in
old retina
The dendrites of RGCs are confined to one (monostratified) or
two (bistratified) sublaminae within the IPL, and the visual fea-
tures to which RGC subtypes respond depend in large part on the
inputs they receive from specific subtypes of amacrine and bipo-
lar cells in these sublaminae (Wa¨ssle, 2004; Sanes and Zipursky,
2010). To ask whether the dendrites of RGCs remain confined to
appropriate sublaminae in old retina, we examined sections from
transgenicmice in which J- and BD-RGCswere labeled. In young
adults, J-RGCs send their dendrites to lamina S1 of the IPL, while
BD-RGCs laminate at the outer margin of S2 and S4. RGC den-
dritic targeting was maintained in old retina (Fig. 8A,B). Den-
drites occasionally extended beyond appropriate sublaminae, but
the incidence of this apparent mistargeting did not differ signifi-
cantly between young adult and old retina (3mistargeted neurites
from 17 young adult J-RGCs and 4 mistargeted neurites from 16
aged J-RGCs). We also used an antibody to melanopsin to label
two populations of intrinsically photosensitive RGCs, the M1
cells, which send their dendrites to outermost layer of the IPL
(S1), and the M2 cells, whose dendrites are confined to the prox-
imal IPL (S4-S5) (Provencio et al., 2002; Berson et al., 2010).
Again, dendrites remained confined to appropriate sublaminae
in old retina (Fig. 8C). Thus, the laminar specificity of RGC den-
drites is not detectably degraded with age.
In parallel, we asked whether arbors of amacrine and bipolar
cells, which synapse on RGC dendrites, remain lamina specified
in old mice. The sublaminar targeting of starburst amacrines
(visualized with anti-ChAT antibody; arborize at the outer mar-
gin of S2 and S4, and vGlut3-positive amacrines (S2 and S3)
remained precise in old retina (Fig. 8D, and data not shown).
Likewise, synaptotagmin 2 staining of Type 2 and 6OFF bipolars,
G13 staining of rod and coneONbipolars and PKC staining of
rod bipolars (Wa¨ssle et al., 2009), showed that ON/OFF and seg-
regation in the IPL remains intact with age (Figs. 8E and 2H).
Thus, laminar restriction of both presynaptic and postsynaptic
partners in the IPL is maintained over time.
In contrast to the stability of bipolar axons, laminar restriction
of bipolar dendrites was compromised with age. Consistent with
previous reports (Liets et al., 2006; Eliasieh et al., 2007; Terzibasi
et al., 2009), PKC-positive dendrites of rod bipolars extended
beyond the confines of the OPL into the ONL in old mice (Fig.
8F). These sprouts appeared at1 year and increased in number
over the following year. Horizontal processes in the OPL also
sprouted in old mice (Fig. 8G and Liets et al., 2006; Eliasieh et al.,
2007; Terzibasi et al., 2009).
Function is preserved in old RGCs
The responses of RGCs to visual features provide a sensitivemea-
sure of the integrity of retinal circuitry, since they result from
information processing by interneurons as well as intrinsic prop-
erties of RGCs. We therefore used fluorescence optics to identify
J- and BD-RGCs in retinal explants from young adult and aged
Figure6. Aging reduces RGC dendritic arbor diameter.A,B, J-RGCs labeledwith YFPwere imaged in young adult and oldmice. Arbor asymmetrywasmaintainedwith age. C, Total dendritic field
area of J-RGCswas reducedwith age (n 36 young, 39 old; *p 0.01).D, E, BD-RGCs labeledwith YFP. F, Total dendritic field area of BD-RGCswas reducedwith age (n 30 young, 150 old; *p
0.04). G, H, Dendritic field area expressed as a percentage of the total retinal area for J-RGCs (G, *p 0.0002) and BD-RGCs (H, *p 0.0005). The increase in total retina area amplifies the affect
of age-related reductions in dendritic field size. I, Sketch showing that the increase in total retina area plus the reduced dendritic diameter could lead to incomplete coverage of the visual field by
some RGC subtypes and decreased overlap for others. Scale bars: A, D, 300m; B, E, 100m.
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mice and recorded their physiological properties. When a sta-
tionary flashing spot is positioned over the receptive field center
of a young adult BD-RGC, increasing the spot size first induces
greater responses and then decreases the response rate, indicating
the presence of a concentric excitatory center and inhibitory sur-
round regions (Kim et al., 2010). Similar results were obtained
from old BD-RGCs, indicating that center-surround organiza-
tion is preserved with age in these cells (Fig. 9A). Old J-RGCs also
maintained their characteristic response properties to flashing
spots (Kim et al., 2008), first increasing and then decreasing their
firing rate as a function of spot size at light offset and firing at light
onset only when the spot size was large (Fig. 9B). From these
results, we infer that the lateral inhibition responsible for center–
surround organization is preserved in old retina.Moreover, there
was no significant difference between young and old cells for
either J- or BD-RGCs in the spot size that elicited the maximal
response (data not shown); the failure to observe a significant
age-related decrease in receptive field area is not surprising given
the small difference in arbor size documented above.
Both J and BD-RGCs are selectively responsive to motion di-
rected ventrally on the retina (Kimet al., 2008, 2010).We assessed
direction selectivity of J- and BD-RGCs in old retina with small
spots moving in different directions. The firing rate of old J- and
BD-RGCs varied strongly with the direction of motion (Fig. 9C,
D). Like those in young retinas, old BD-and J-RGCs responded
best to stimuli moving from the dorsal to ventral direction (Fig.
9E,F). To compare the direction selectiv-
ity of multiple old and young J- and BD-
RGCs, we calculated a direction selectivity
index as described by Kim et al. (2010).
Data from a nondirection selective RGC
type,W3 (Kim et al., 2010), were included
for comparison. No statistically signifi-
cant differences in direction selectivity
were observed between young and old
J-RGCs or between young and old BD-
RGCs, although there was a tendency for
old J-RGCs to be slightly attenuated in
their direction-selectivity (Fig. 9G).
To extend this analysis, we assessed the
response properties of randomly selected
RGCs, which would be expected to in-
clude members of multiple subtypes. Old
RGCs showed a normal array of physio-
logical properties, including transient
ON, sustained ON, ON-OFF, transient
OFF, and sustained OFF responses (Fig.
9H). In addition, cells showed appropri-
ate surround inhibition as indicated by
decreased responses to spots of increasing
size (Fig. 9I). Althoughwe cannot rule out
small differences in the physiological
properties of old RGCs, these data suggest
that normal light responses are main-
tained in most if not all RGC subtypes.
Aging reduces RGC axon terminal
density in the brain.
Themain central target of RGCs inmice is
the superior colliculus or SC (Dra¨ger,
1974). All RGC axons terminate in a su-
perficial retinorecipient zone (Hofbauer
and Dra¨ger, 1985; Mooney and Rhoades,
1990), with individual RGC types displaying distinct arbor mor-
phologies and occupying different strata within the retinorecipi-
ent zone (Huberman et al., 2009; Kim et al., 2010; Hong et al.,
2011). To assess the axonal arbors of aged RGCs in the SC, we
examined axons of J- and BD-RGCs. The axons of both of these
RGC populations form complex, distinctive arbors that laminate
in the superficial half of the SC. With age, J-RGC and BD-RGC
axonsmaintained appropriate SC laminar targeting (Fig. 10A,B),
but for both cell types the density of terminal branches within the
arbor appeared to decrease (Fig. 10C,D), and in a few cases seg-
ments of old axons were abnormally distended (data not shown).
Aging also resulted in a small but significant decrease in the axon
height of both groups (Fig. 10E, p 0.002). The most dramatic
change, however, was a 30% decrease in axon terminal area
(Fig. 10F, p 0.001). Reduced axonal density and terminal area
may be associated with a decreased ability of RGCs to transmit
visual information to the brain.
Reduction in RGC arbors size results from age, not
YFP expression
YFP is generally nontoxic to neurons (Feng et al., 2000), but
prolonged expression of high YFP levels has been reported to
have deleterious effects on the structure of some (Bridge et al.,
2009) but not all (Valdez et al., 2010) neuronal types. It was
therefore necessary to determine whether the decrease in RGC
dendritic and axonal arbor size in old mice might be a conse-
Figure 7. Decreased dendritic arbor diameter in randomly labeled RGCs. A, B, RGCs from young adult and old YFP-H mice. A
shows a whole retina from an old mouse, and B shows single RGCs at high power. C, RGC soma size (n 84 young adult and 124
old RGCs; *p 0.003).D, Dendritic field area (n 88 young adult and 133 old RGCs; *p 0.008). E, Distribution of dendritic field
areas in young adult and agedmice. F, RGC dendritic field area expressed as a percentage of the total retinal area (*p 0.0001).
G, M10 ON RGCs as identified by dendritic shape and lamination. H, The dendritic field area of M10 cells was reduced with age
(*p 0.004). Scale bars, A, 500m; B, G, 100m.
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quence of long-term YFP expression rather than aging per se. To
assess this possibility, we labeled RGCs in young adult and aged
mice with recombinant adeno-associated virus or AAV (see Ma-
terials andMethods) and then assessed dendritic architecture 1–2
months after infection. RGCs labeled in this way showed reduc-
tions in dendritic field area (Fig. 11A,B, p 0.03) and soma size
(Fig. 11C, p  0.04) similar to those that had expressed YFP for
2 years, indicating that these alterations are a consequence of
aging rather than of prolonged YFP expression.
We also imaged individual axonal arbors in the superior col-
liculus of mice that had received a retinal AAV injection. Com-
pared to the arbors of young adult RGCs, old RGC arbors showed
an obvious reduction in terminal size and occasionally demon-
strated abnormal varicosities and dramatic decreases in branch
density within the arbor (Fig. 11D,E). On average, the arbor area
was reduced 10%, but the large differences among RGC sub-
types in axon arbor size (Hong et al., 2011) made this difference
nonsignificant (p 0.6), emphasizing the value of using geneti-
cally marked lines to precisely identify the effects of aging on a
given neuron population. Finally, we used AAV-infected retinas
to ask whether arbors of interneurons, like those of RGCs, atro-
phied with age. Multiple subtypes of amacrine cells were labeled
in these retinas, and the lowdensity of labelingmade it possible to
image and measure their arbors. Two types of amacrines, star-
burst amacrines (Fig. 12A) and AII amacrines (Fig. 12B), were
labeled in substantial numbers and were readily identifiable
based on their distinctive morphology. The dendritic field areas
of these neurons, unlike those of RGCs, did not show a detectable
reduction with age (Fig. 12C,D; p  0.34 for AII amacrines and
0.79 for starburst amacrines). Thus, a reduction in arbor size is
not a general feature of neuron aging; instead, RGCs may be
especially vulnerable.
Discussion
As a first step in elucidating how aging affects neural circuitry, we
analyzed the retina. Because the retina has been well character-
ized in young adults, we were able to ask questions about features
of aging that have been difficult to address in other systems, in-
cluding: (1) Are subsets of neurons lost? (2) Do their arbors
shrink, sprout or rearrange? (3) Are dendritic and axonal com-
partments affected differently? (4) Is the arrangement of neurons
altered? (5) Do neurons change in ways that might explain age-
related functional deficits? Previous studies have asked these
questions of single neuronal types or assayed all neurons in a
region together. In only a few cases, however, have these ques-
tions been examined for multiple neuronal types in a defined
circuit (Richard et al., 2010). By taking advantage of molecular
markers for multiple subtypes, we showed striking differences in
age-related structural changes, both among cell types and be-
tween axons and dendrites of single cell types.
Neuronal loss was once thought to be a general feature of
“normal” aging (Miller et al., 1984; Swaab et al., 1985; Terry et al.,
1987). More recent studies have found, however, that many pop-
ulations are spared (Morrison and Hof, 1997; Dickstein et al.,
2007). For the retina, some studies have reported age-related loss
(Katz andRobison, 1986; Gao andHollyfield, 1992;Weisse, 1995;
Aggarwal et al., 2007) while others have not (Trachimowicz et al.,
1981; Morrison et al., 1990; Kim et al., 1996). Some of these
differences may reflect the difficulty of calculating absolute cell
number from sections in cases where cell volume or density
changes. We therefore devised a flow cytometry assay that was
insensitive to such alterations. We detected no change in the
numbers of any of the major retinal neuron types (Fig. 3).
In contrast to the maintenance of neuronal number, retinal
shape and neuronal density were altered with age. Both cellular
and synaptic layers thinned with age. Surprisingly, the decreased
thickness was offset by an increase in retinal area. As a conse-
quence, total retinal volume was maintained (Fig. 1), but the en
face density of neurons decreased (Fig. 4). Our results are consis-
tent with reports of reduced neuron density (Aggarwal et al.,
Figure 8. IPL lamination is intact in old mice. A–F, Sections of young adult retina and old
retinawere immunostained to label subsets of processes in the IPL. Scale bar, 50m. The outer
margins of S2 and S4 are marked with anti-ChAT antibody (red) in A–D. A, GFP-positive den-
drites of a BD-RGC in S2 and4.B, GFP-positive dendrites of a J-RGC in S1.C,Melanopsin-positive
RGC dendrites in S1. D, vGlut3-positive amacrine dendrites in S3 (green) and GABAergic ama-
crines (blue). E, Synaptotagmin-2-positive Type 2 bipolar axons in the outer IPL and (red) and
G13-positive ON-bipolar axons in the inner IPL (green). F,G, Sectionswere immunostained to
label processes in the OPL. Scale bar, 25m. F, PKC-positive rod bipolar cells (green) extend
dendrites into the ONL in old mice (arrows). G, Calbindin-positive horizontal cell neurites
(green) also send ectopic processes into the ONL (arrows) with age.
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2007), increased retinal area (Harman et al., 2000), and decreased
macula thickness (Eriksson and Alm, 2009) in old humans.
Is reduced cell density accompanied by a decrease in the syn-
apses these cells make? In the brain, aging has been associated
with reduced synapse number (Dickstein et al., 2007). Similarly,
nerve terminal density in the IPL decreased with age (Fig. 5),
suggesting that synaptic input to RGCs decreases with age. The
age-related increase in retinal area may also contribute to de-
creased synaptic density, but because the IPL volume changes
little with age, it seems likely that there is a decrease in the abso-
lute number of retinal synapses. With increased retinal area, old
neurons would need to expand their arbor size to maintain the
same connectivity. Such compensatory expansion can occur in
young retinas. In chick, for example, ocular enlargement leads to
reduction in cell density and enlargement of RGC dendritic ar-
bors (Troilo et al., 1996). In old retina, in contrast, compensation
is not observed. Instead, dendritic arbors
of most or all RGC subtypes shrink with
age (Figs. 6, 7, 11).
Although these effects are highly sig-
nificant at the population level, they are
small in absolute terms: for example, den-
dritic field diameter decreases 5%. Our
failure to detect changes in the visual re-
ceptive fields of individual neurons (Fig.
9) is therefore not unexpected. The struc-
tural differences we encountered between
young and aged retinas ofmousemay thus
contribute to but cannot account for all of
the profound age-related losses in visual
faculties in humans.
The reduction in RGCdendritic field is
consistent with age-induced reductions in
dendritic extent documented in many (but
not all) types of brain neurons (de Bra-
bander et al., 1998; Grill and Riddle, 2002;
Markham and Juraska, 2002; Burke and
Barnes, 2006), but little is known about the
relationship of such changes to degradation
of synaptic specificity.We tookadvantageof
theprecise laminar structure andphysiolog-
ical accessibility of retinas to test whether
aging impacted circuit organization. The
sublaminar organization of the IPL was un-
affected by age, and RGCs exhibited appro-
priate responses to specific visual stimuli,
reflectingmaintenance of complex circuitry
within the IPL (Figs. 8, 9).
RGC axons also exhibited age-related
changes. Axons remained targeted to the
appropriate SC lamina with age, but their
arbors were significantly smaller and sim-
pler than their young adult counterparts
(Figs. 10, 11). Such alterations have not, to
our knowledge, been reported previously,
and suggest that signals from old RGCs
may be relayed less well to brain targets.
Old axons may be affected by age-related
decreases in factors implicated in axonal
maturation or maintenance such as ax-
onal transport (Karlsson et al., 1992) or
complement components (Stevens et al.,
2007). More generally, few reports have
appeared on age-related changes in central axons; RGCs may be
well suited for detailed analysis of such alterations.
Although multiple RGC subtypes exhibited similar age-
related changes, other neuronal types reacted differently. Den-
dritic arbor size did not change significantly with age in either of
the amacrine subtypes analyzed (Fig. 12), and lamination was
maintained in all five amacrine populations studied. Rodbipolars
exhibited a third pattern: their dendrites sprouted into the pho-
toreceptor layer, as reported previously (Liets et al., 2006; Eliasieh
et al., 2007; Terzibasi et al., 2009), but their axons exhibited no
obvious alterations. These data show that even within a circuit,
different neurons can undergo distinct aging programs. More-
over, within the same neuron, different compartments can show
distinct morphological responses to old age.
The diverse cellular changes we document in aged retinasmay
be tied to visual defects typical of old age, such as reductions in
Figure 9. Direction-selective responses of RGCs persist in old retina. A, B, Responses of an old BD-RGC (A) and an old J-RGC (B) to
flashing spots as a function of the spot radius. C,D, Response of an old BD-RGC (C) and an old J-RGC (D) to small barsmoving across their
receptive field centers in eight different directions. Plots indicate spikes fired for each direction. E, F, Polar summary of the preferred
directions of old BD-RGCs (E) and J-RGCs (F ) recorded from well oriented retina. For J-RGCs results are shown in relationship to their
dendritic arbor asymmetry (arrowhead). G, Direction selectivity (DS) index for old and young BD- and J-RGCs calculated as described
previously(Kimetal.,2008).TheDSindexofW3-RGCs,anondirectionselectivetype, isreplottedfromKimetal. (2010)forcomparison.N
22, 6, 16, 12 and 11 for young BD-, old BD-, young J-, old J-, andW3-RGCs, respectively. Error bars indicate the SEM.H, Variety of visual
responses of RGCs in an aged retina to a flashing spot of optimal size at the receptive field center. Background shading indicates periods
whenlightwasoff.Eachpanel isarastergraphoffiringfromoneneuron,andeachrowisarepeatofthesamestimulus.Tickmarksrepresent
action potentials. From top to bottom, RGCs are classified as ON transient, ON sustained, ON-OFF, OFF sustained, and OFF transient. I,
Responses of RGCs in an aged retina to a flashing spot as a function of the spot radius. All but one of the cells tested showed surround
inhibition as indicated by a decrease in the firing rate as the spot radius increased.
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Figure10. Age-related reduction in the size of RGC axonal arbors. Axonal arbors of J-RGCs (A,C) andBD-RGCs (B,D) in the superior colliculus of young adult and oldmice.A,B, Low-power images
of sagittal sections show that axonal arbors remain confined to the superficial half of the retinorecipient zone. C,D, High-power images of single arbors show that arbors are smaller and less dense
in old than in young adultmice. E, F, Quantitative analysis showed significant age-related decreases in axonheight (E) (J axons, *p 0.002; BD axons, *p 0.002) and axon area (F ) (J axons, *p
0.001; BD axons, *p 0.0001). n 24 and 38 young and old BD-RGC axons and 28 and 36 young and old J-RGC axons. Scale bars: A, B, 300m; C, D, 100m.
Figure 11. Age-related atrophy of RGC arbors does not result fromprolonged YFP expression. Young adult and agedmicewere infectedwith AAV to label RGCs; retinas and superior colliculi were
fixed 5–8 weeks later and imaged. A, Labeled RGCs in young adult and old retina. B, C, Age-related reduction in the dendritic field area (B, n 171 aged and 85 young adult RGCs from at least 8
mice per group; *p 0.04) and soma size (C, n 221 aged and 162 young adult RGCs; *p 0.016).D–E, Axon arbors in the superior colliculus of young adult and agedmice hadmarkedly reduced
dendritic complexities along with abnormal swellings and varicosities (arrows). Scale bar, 100m.
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visual acuity, motion perception, and visual processing speed. Of
these alterations, visual acuity defects have been the most widely
documented in both humans (Weale, 1975, 1982; Frise´n and Fri-
se´n, 1981;Owsley et al., 1983; Gittings and Fozard, 1986; Jay et al.,
1987) and experimental animals (Ordy et al., 1980; Fite et al.,
1991; Kolesnikov et al., 2010). However, the cause of this reduc-
tion remains unclear. Optical factors (i.e., decreased pupil size
and increased light scatter from lens opacification) are insuffi-
cient to account for the loss in acuity, implicating changes in
retinal and other neurons (Weale, 1975, 1982). Two neuronal
mechanisms have been hypothesized: neuronal loss and struc-
tural alternations (Spear, 1993). We found no evidence of cell
death but documented age-related increases in retinal area and
decreases in RGC dendritic field area. Together, these alterations
could lead to gaps in coverage of the visual field by individual
RGC subtypes, perhaps contributing to decreased acuity.
Older adults also fare worse than young adults in motion dis-
crimination tests (Sekuler et al., 1980;Wojciechowski et al., 1995;
Bennett et al., 2007). In the retina, multiple RGC populations
respond selectively to motion in different directions (Oyster et
al., 1993; Kay et al., 2011). We examined the physiological prop-
erties of two of these direction-selective types, J- and BD-RGCs.
Both types remained direction selective in oldmice, although old
J-RGCs were slightly attenuated in their motion selectivity. Thus,
age-related declines in motion detection may not be due to the
inherent ability of RGCs to respond to motion but instead may
reflect other defects. One such defect may be the reduced com-
plexity and size of old J- and BD-RGC axons, which could com-
promise the relay of motion information to the brain. Intrinsic
cortical defects also seem likely to play a role (Schmolesky et al.,
2000). Finally, the reduction in axon size and complexity may
participate in the decrease in visual processing speed observed in
older adults. If signal transmission from RGCs to brain targets is
impaired, the visual system may need more time to accumulate
sufficient information.
In conclusion, we have documented numerous quantitative
changes in old retina, including decreased area of RGC dendritic
and axonal arbors, decreased coverage of the visual field, and
decreased density of cells and synapses. In contrast, qualitative
features of retinal connectivity, including molecular identity,
laminar specificity of arbors in the IPL, and complex responses of
RGCs to visual stimuli, were preserved. These results provide
support for the hypothesis that subtle alterations in cellular orga-
nization or morphology, rather than major alterations in cell
number or synaptic specificity are responsible for age-related
neuronal dysfunction (Burke and Barnes, 2006; Dickstein et al.,
2007). Testing this hypothesis has proven difficult in the tangled
neuropil of the brain; the regular organization of the retina and
the availability of molecular markers for its cells and synapses
facilitated our analysis. These features also allowed us to show
that different neurons within a single circuit show distinct age-
related responses and that axonal and dendritic compartments of
the same cell can respond differently to aging. Together, our results
provide a foundation for using the retina to elucidate molecular
mechanisms thatunderlie these structural changes,determinewhich
changes underlie age-related functional decline, and assess interven-
tions that might attenuate neural aging.
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